Abstract Six deep convective systems (DCSs) with a total of 5589 five-second samples and a range of temperatures from À41°C to 0°C during the Midlatitude Continental Convective Clouds Experiment (MC3E) were selected to investigate the ice cloud microphysical properties of DCSs over the Department of Energy Atmospheric Radiation Measurement (ARM) Southern Great Plains (SGP) site. The ice cloud measurements of the DCS cases were made by the University of North Dakota Citation II research aircraft, and the ice cloud properties were derived through the following processes. First, the instances of supercooled liquid water in the ice-dominated cloud layers of DCSs have been eliminated using multisensor detection, including the Rosemount Icing Detector, King and Cloud Droplet Probes, as well as 2DC and Cloud Imaging Probe images. Then the Nevzorov-measured ice water contents (IWCs) at maximum diameter D max < 4000 μm are used as the best estimation to determine a new mass-dimensional relationship. Finally, the newly derived mass-dimensional relationship (a = 0.00365, b = 2.1) has been applied to a full spectrum of particle size distributions (PSDs, 120-30,000 μm) constructed from both 2DC and High-Volume Precipitation Spectrometer measurements to calculate the best-estimated IWCs of DCSs during MC3E. The averages of the total number concentrations (N t ), median mass diameter (D m ), maximum diameter (D max ), and IWC from six selected cases are 0.035 cm
Introduction
Deep convective systems (DCSs) have traditionally been divided into a deep convective precipitating portion and a nonprecipitating anvil canopy [Feng et al., 2011 [Feng et al., , 2012 . The former is important to the atmospheric hydrologic cycle because intense precipitation is common with DCSs, while the latter is important for the atmospheric radiation budget due to the extensive spatial coverage of anvil canopies [Feng et al., 2011 [Feng et al., , 2012 . The magnitude of the interactions between radiation and clouds primarily depends on the DCSs macrophysical (e.g., cloud fraction and height) and microphysical properties (e.g., median mass diameter (D m ), ice water content (IWC), and particle size distribution (PSD)) [Liou, 1986; Stephens et al., 1990; Protat et al., 2007; McFarquhar et al., 2014] . Many previous studies of cloud microphysical properties focused primarily on synoptically generated cirrus clouds due to their high altitudes (>5 km) and low ambient temperatures (< À20°C), which provided an ideal environment to study the ice cloud microphysical properties. A series of field experiments were carried out to investigate cirrus cloud microphysical properties including the First International Satellite Cloud Climatology Project Regional Experiment and the Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus Experiment, using multiple ground-and space-based remote sensors, and aircraft in situ measurements [Heymsfield et al., 2002 [Heymsfield et al., , 2010 . As a result, numerous data sets have been produced through these field campaigns, which help us to further understand the microphysical properties and processes of anvil and cirrus clouds. and evaporating ice crystals collected by a hot wire sensor, such as the difference between Nevzorovmeasured total water content (TWC) and liquid water content (LWC) (Sky Tech Research) [Korolev et al., 1998b] . The second one is based on the increased water vapor density by evaporating ice particles, which can be collected by the counterflow virtual impactor (CVI) [Noone et al., 1988] and cloud spectrometer and impactor. The last technique involves the calculation of IWC from PSD measurements, which is based on a mass-dimensional relationship [e.g., Brown and Francis, 1995, BF95 hereafter; Mitchell, 1996; Heymsfield et al., 2002 Heymsfield et al., , 2007 Heymsfield et al., , 2010 . The PSDs can be measured by either one optical array probe (OAP), such as 2DC and High-Volume Precipitation Spectrometer (HVPS) for a partial spectrum of PSDs or a combination of two OAPs (2DC + HVPS for a full spectrum of PSDs in this study). The mass-dimensional relationship can be derived by summing over the PSD for each bin with the Nevzorov-measured IWC ∝ aD b (where a is the coefficient, b is the exponent, and D represents ice particle size). Note that different values of a and b can be derived from different field campaigns, and even for different cases within a campaign itself [e.g., Locatelli and Hobbs, 1974; BF95; Heymsfield et al., 2010] .
PSD plays an important role in the study of ice clouds because most of bulk ice cloud microphysical properties, including IWC, bulk density, median mass diameter (D m ), etc., are determined from the PSD measurements. Furthermore, the PSD should have a strong relationship to ice formation and growth processes including aggregation, accretion, deposition, melting, and autoconversion of droplets to raindrop sizes [Lin et al., 1983] . In this study, the gamma-type-size distributions have been generated matching the observed 5 s averaged PSDs during MC3E, which can be applied by the remote sensing and modeling community to retrieve or simulate bulk ice cloud microphysical properties of the DCSs.
Compared to synoptically generated cirrus clouds, the ice cloud microphysical properties of DCSs may be complex because DCS clouds include at least three parts: the ice-phase layer, mixed-phase layer, and the liquid or precipitation layer below the melting band [Korolev and Isaac, 2006] . The ice cloud microphysical properties of DCSs share some characteristics of cirrus clouds but have distinguishable differences, such as different particle size spectra, ice crystal shapes, and IWC [Heymsfield et al., 2010] . To investigate the formation-dissipation processes and microphysical properties of continental DCSs, the Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) conducted a field campaign, the Midlatitude Continental Convective Clouds Experiment (MC3E), at the ARM Southern Great Plain (SGP) site from April to June 2011 [Jensen et al., 2010] . The campaign consisted of the most comprehensive cloud observing infrastructure currently available in the central United States combined with an extensive sounding array, ground-based remote sensors, aircraft in situ observations, and updated ARM radar instrumentation. The overarching goal of MC3E was to provide the most complete characterization of convective cloud systems, precipitation, and their environment, such as convective initiation, updraft and downdraft dynamics, and precipitation and cloud microphysics [Jensen et al., 2010] .
In a series of papers by the authors, all the DCS cases during MC3E will be categorized into ice, mixed-phase, and liquid layers, and investigations will be focused on the microphysical properties of each category. As the first paper of the series, six DCS cases during MC3E ( Figure 1 ) were selected to investigate the microphysical properties of DCSs measured by the University of North Dakota Citation II research aircraft and the groundbased remote sensors. This study will focus on the ice cloud microphysical properties of DCSs, excluding liquid-phase conditions and most of mixed-phase conditions using multisensor detection which will be discussed in section 2.3. However, contamination from a small portion of mixed-phase clouds is still inevitable in this study. In detail, we will discuss the instrumental limitations of the Nevzorov hot wire TWC probe measured total condensed water content (TWC) within ice-dominated cloud layers, which is treated as IWC in this study. We also propose the best-estimated IWC and PSD using a combination of the twodimensional particle measurement system (PMS) cloud probe (2DC, 30-3000 μm) and the SPEC Inc. High-Volume Precipitation Spectrometer (HVPS, 300-30,000 μm) measurements. Finally, the gammatype-size distributions have been generated matching the observed 5 s averaged PSDs, and the fitted gamma parameters have been compared with the observed PSDs through multimoment assessments 
Data
The University of North Dakota (UND) Citation II research aircraft was one of the primary research aircraft deployed during the ARM MC3E field campaign and was fully equipped for cloud physics research. The UND aircraft probes used in this study and their associated measurements and accuracies are listed in Table 1 . In summary, the Rosemount Icing Detector (RID), King and Droplet Measurement Technologies (DMT) Cloud Droplet Probe (CDP) probes, and 2DC and DMT Cloud Imaging Probe (CIP) images were used to detect the supercooled LWC in the ice-dominated cloud layers of DCSs. The Nevzorov TWC/LWC sensor and OAP 2DC and HVPS probes were used to study the ice cloud IWC and PSD of the DCSs during MC3E.
PSD Measurements
The measurements by three probes carried by Citation II can be used to retrieve a full spectrum of PSDs during MC3E. The CDP can measure cloud particles smaller than 50 μm (1 to 50 μm), the 2DC probe can measure a range of particle sizes from 30 to 3000 μm, and the HVPS probe observes a broad range 
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between 300 and 30,000 μm. Data were collected and preprocessed using a Model 300 Data Acquisition and Playback system (manufactured by Science Engineering Associates), and the PSDs were calculated using software developed by Aaron Bansemer at the National Center for Atmosphere Research [Field et al., 2006] . Cloud particle sizes measured by OAPs were sorted into bins accordingly based on the diameter D of smallest circle that encloses the particle [Heymsfield and Parrish, 1978; Field et al., 2006; Korolev, 2007] . Cloud particles were not used in this study with the following conditions: (1) the area ratio (the ratio of the projected area of the particle to the area of a circumscribed circle [McFarquhar and Heymsfield, 1996] ) is less than 0.1, and (2) the area ratio is less than 0.2 and the particle size is 20 times greater than the resolution of the probe [Field et al., 2006] .
As pointed out from previous studies McFarquhar et al., 2007a] , there are large uncertainties in the 2DC measurement for particles with size less than 500 μm due to the contamination from small crystals generated by the shattering of larger crystals on the probe tips. Suggested by Jackson et al. [2014] , both the antishattering tips of the 2DC and the interarrival time based shattering removal algorithm provided by Aaron Bansemer [Field et al., 2006] were used to reduce the effect of artifacts during MC3E. Although it is commonly believed that most of the shattered artifacts have been eliminated through the combination of two shattering removal methods, there are no ways to know how many undetected artifacts are still present (G. McFarquhar, personal communication, 2015) . Since this issue affects more on quantities that are dominated by lower order moments of PSD, we did a sensitivity study of N t with a 10% uncertainty in number concentration for each size bin from 120 to 500 μm and found an 8% uncertainty in N t . Uncertainties in gamma-fitted parameters will be discussed in section 3.2.
In this study, the PSD covers the full spectrum from 120 μm to 30,000 μm through a combination of 2DC (excluding the first three channels because of the issue of depth of field and errors involving the digitization of small ice crystals [Korolev et al., 1998a] ) and HVPS measurements. For the overlapping spectral region (from 900 μm to 2800 μm) between the 2DC and HVPS, the frequency of occurrence for particles recorded by each size bin was calculated. The differences in the frequency of occurrence between 2DC and HVPS increase from 9% at 900 μm to 39% at 2800 μm because the HVPS probe is capable of measuring more large particles than the 2DC probe (particles were reconstructed for D > 1000 μm). Over the overlapping region, the averaged ratio of the N t calculated from HVPS (0.211 cm
À3
) to that (0.185 cm
) from 2DC measurements is 1.14, while their IWC ratio is 1.12 (0.183 g m À3 and 0.163 g m
). Both N t and IWC have indicated a consistency between the 2DC and HVPS measurements over the overlapping region with differences around 13%. As a result, the HVPS measurements were used for D > 900 μm, while the 2DC measurements were used for D = 120-900 μm in our constructed PSDs. Both the 2DC and HVPS probes were well calibrated by manufacturers before the field campaign, and performance check and quality control were carried out before and after each flight. When analyzing data, we found that both probes functioned well throughout the entire project with the exception of 24 May 2011 when the 2DC malfunctioned after 21:30 UTC. Hence, part of 24 May 2011 was excluded from the analysis. To further control the quality of the data, 15% of the OAP records were rejected due to either insufficient sampling or nonsimultaneous recordings between two OAPs.
IWC/LWC Measurements
For cloud water content measurement, the Citation II was equipped with a Nevzorov hot wire TWC/LWC probe [Korolev et al., 1998a] and a PMS King hot wire LWC probe [King et al., 1978 [King et al., , 1985 . From the Korolev et al. [1998a] also found the uncertainties of 10% to 20% for small frozen droplets with median volume diameter around 20 μm. However, for the modified Nevzorov TWC sensor (deep cone, 60°) used in this study, its accuracy is still under investigation (details for calibration and treatment of baseline drift will be discussed in Appendix A).
The main component of the Nevzorov TWC sensor is a conical collector with a diameter of 8 mm, which works under the assumption that all ice particles tend to remain inside the conical hollow region of the sensor until they completely melt or evaporate [Korolev et al., 1998a] . Because of its fixed diameter and limited sampling area (0.5 cm 2 ), it is probably that the Nevzorov TWC sensor underestimates the IWC, especially for large particles [Korolev et al., 2013] . The magnitude of underestimation for IWC with large particles occurring will be investigated in this study.
Previous studies found that the Nevzorov TWC sensor may collect most of the ice particle mass when their sizes range from a couple hundred up to 4000 μm [e.g., Korolev et al., 1998a; Strapp et al., 2005; Korolev et al., 2013] . However, snow and ice crystals are generally large in nature and their sizes can be up to a few millimeters. Therefore, it is most likely that the Nevzorov TWC probe underestimates the IWCs for these large particles due to its low collection efficiencies resulted from particle bouncing, pooling, and subsequent shedding of water before complete evaporation [Strapp et al., 2005] . Korolev et al. [2013] compared the IWCs measured by the modified Nevzorov TWC sensor (deep cone, a 60°, which was used during MC3E) and DMT Counterflow Virtual Impactor (CVI), as well as the IWC calculated from the PSD. In Korolev et al. [2013] , they found that the IWCs measured by the modified Nevzorov TWC sensor are nearly the same as the CVI measurements and PSD calculations for D < 4000 μm, but their differences increase with increased particle size when D > 4000 μm.
The King probe operates under the same principle as the Nevzorov TWC/LWC sensor where the cloud LWC can be calculated from the measurement of the heat release of a cylinder exposed to an air stream that intercepts evaporating cloud droplets. The uncertainty of King LWC measurements is around 15% for cloud droplet diameters D < 30 μm, and may be greater than 15% when D > 30 μm, with a reliable detection threshold about 0.05 g m À3 [Biter et al., 1987; Strapp et al., 2003] . As a result of poor response to D > 50 μm [Biter et al., 1987] and data calibration issues due to the occurrence of some negative LWC values, as well as its potential response to small ice crystals, the King probe cannot be used to quantitatively measure the actual LWC in supercooled regions (supercooled liquid water content, SLWC). However, the King LWC measurements can still be used to identify the existence of SLWC in the icedominated cloud layers of DCSs in this study.
Phase Determination
Contamination by SLWC is a major issue in estimating the IWC in a DCS because any supercooled liquid water (SLW) droplets misinterpreted as ice crystals would cause an order-of-magnitude mass shift. For example, the water mass IWC or LWC was calculated using the mass-dimensional relationship (~aD b , in cgs units) where a = 0.5233, b = 3 for SLW droplets, and a = 2.94 × 10 À3 , b = 1.9 for aggregate ice crystals [BF95]. Given a particle with D = 3000 μm, the difference in water mass could be up to 30 times between the SLW droplets and ice crystals. Therefore, it is critical to eliminate the contamination of SLWC when calculating the IWCs in a DCS.
In this study, multisensor detection, such as the Rosemount Icing Detector (RID), King and CDP probes, and 2DC and CIP images, has been adopted to eliminate the SLWC in the ice-dominated cloud layers of DCSs. The RID [Baumgardner and Rodi, 1989 ] is very sensitive to supercooled liquid water droplets because they can be accreted and glaciated on the sensing cylinder causing a sharp drop in the frequency of oscillation as demonstrated in Figure 2b . When a high concentration of SLW droplets becomes glaciated on the surface of the RID cylinder and the accumulated ice on the RID probe exceeds 0.5 mm, a heater is turned on to sublimate the coated ice. This process normally takes about 10-15 s. Since there is little to no response to ice crystals [Heymsfield and Miloshevich, 1989] , the RID probe is extremely useful in segregating the different cloud phases qualitatively. However, the RID probe is not suitable for detecting liquid water at a temperature range from À3 to 0°C because of the dynamic heating of the probe by the flight speed of the aircraft. As a result, the RID records were not included in the phase identification process in that temperature range in this study (A. Heymsfield, personal communication, 2015) .
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In addition to the RID measurements, previous studies show that when the air temperature is below 0°C, SLWCs are to a large extent dominated by small supercooled liquid water droplets [e.g., Cober et al., 1995; Rosenfeld et al., 2013] , which can be directly measured by King Probe and calculated from CDP measured PSDs, as shown in Figure 2b . However, when D > 50 μm, the King and CDP LWC measurements are no longer useful due to their measurement limitations [Biter et al., 1987] . Therefore, a large number of 2DC and CIP images were visually examined to verify the existence of large SLW droplets. Figure 2c shows two images containing SLW droplets sampled by the 2DC (top) and CIP (bottom), and simultaneous RID frequency measurements and CDP LWC records at 21:15:40 UTC. As demonstrated in Figure 2b for the case of 24 May 2011, the occurrence of SLW can be detected by multiple sensors with sudden drops in frequency (RID) and/or corresponding LWC peaks (CDP and King probe), as well as the peaks in CDP concentration. Table 2 lists the criteria using multiple sensors to detect supercooled liquid water, and the contamination periods were marked when one or more criteria were satisfied. For the selected MC3E cases, there is a threshold of 0.24 cm À3 in CDP concentration that corresponds to SLW events recorded by other sensors. This conclusion is similar to the results of Rosenfeld et al. [2013] . After eliminated these SLWCs, all ice particles from six selected cases during MC3E have been processed to generate the ice cloud microphysical properties of DCSs in the following section.
The design of the Nevzorov LWC probe suggests that it usually records small amount of LWC during collision with ice particles due to the residual effect of small ice crystals [Korolev et al., 1998a] . As the result, the Nevzorov LWC measurements are questionable in ice-dominated cloud layers because of undistinguishing the SLW droplets and small ice crystals from its measurements. Therefore, the Nevzorov LWC probe was not used in this study. Table 3 summarizes the aircraft flight date, time, altitude, temperature, and Next-Generation Radar (NEXRAD) radar reflectivity along the aircraft track for the six selected DCS cases during MC3E. The total flight time for these six selected cases is about 18 h with an altitude of 237 m to 9572 m, temperatures ranging from À41°C to 31°C, and NEXRAD reflectivities ranging from 1.89 to 44.82 dB. A total of 5589 five-second samples (7.76 h) with a range of temperatures from À41°C to 0°C from the six selected cases have been used to investigate the ice cloud microphysical properties of DCSs over the DOE ARM SGP site.
Results and Discussions
Recalibration of Mass-Dimensional Relationships
The relationship between the particle mass and diameter was measured and fitted by Locatelli and Hobbs [1974] to the following equation:
where D is the diameter of smallest circle that encloses the ice particle [Heymsfield and Parrish, 1978; Field et al., 2006; Korolev, 2007] , a is the coefficient, and b is the exponent. Subsequent studies have been published with different sets of parameters a and b depending on the hydrometeor shape and density [e.g., BF95 ; Mitchell, 1996; Heymsfield et al., 2002 Heymsfield et al., , 2007 Heymsfield et al., , 2010 ] with a range of values from 2.94 × 10 À3 to 6.30 × 10 À3 for coefficient a and from 1.9 to 2.4 for exponent b suggested by Heymsfield et al. [2007] , even a broader range from 1 to 3 [Fontaine et al., 2014] . The mass-dimensional relationship (a = 2.94 × 10 À3 , b = 1.9 from BF95) has been widely used for calculating cloud IWC and parameterizing ice cloud bulk microphysical properties. However, the BF95 method was initially derived by Locatelli and Hobbs [1974] and investigated and evaluated by Brown and Francis [1995] using aircraft in situ measurements in cirrus clouds, thus it is questionable to apply its coefficients to MC3E campaign. Though the ice cloud microphysical properties of DCSs and cirrus clouds share some similarities, the differences are significant and will be discussed below.
First, the range of the particle size spectrum between MC3E and BF95 is significantly different. Most of ice cloud particles in BF95 ranged from 200 to 800 μm, while during MC3E the maximum diameters could be up to 30,000 μm, and for some cases the mass contributed by large particles with D > 1000 μm could be more than 50% of the total mass. Second, the mass-dimensional relationship in BF95 was based on ice crystals with habits of aggregates of unrimed bullets, columns, and side planes. During MC3E, aggregates of different types of ice crystals, including bullet rosettes, planes, and columns, etc., were found from CPI images, and the backscattering properties using the assumption of a bullet rosette ice crystal habit exhibited good agreement with NEXRAD radar reflectivity measurements (further discussion and validation in habit will be in section 3.3). As pointed out by previous studies [e.g., Heymsfield et al., 2010] , the massdimensional relationships should be significantly different from different ice crystal shapes. Finally, the air temperature ranges between BF95 and this study are also different. In BF95 study, the air temperatures were typically between À20°C and À30°C, whereas for this study, the air temperature ranged from À41°C to 0°C. Considering all of these differences between the BF95 and this study, it is necessary to develop a new mass-dimensional relationship for the ice cloud microphysical properties of DCSs from aircraft in situ measurements during MC3E.
The essence of the mass-dimensional relationship is the conversion from 3-D data (time series, spectra, and number concentrations) to 2-D data (time series and IWCs) (Figure 3 ). Using least squares fitting
IWC NEV i ð Þ ), the coefficient a and exponent b can be derived by fitting the IWCs calculated from PSD to the Nevzorov IWC measurements. In order to derive the appropriate mass-dimensional relationship, the exponent b should be varied within the range from 1.9 to 2.4 as suggested by Heymsfield et al. [2007] . Once the exponent b is determined, values of a can be derived from either a full or partial spectrum depending on the segment that can be represented by the direct measurement in a specific temporal resolution (e.g., 1 s, 5 s, or 1 min). Thus, the IWC calculated through the summation of the PSD (right side of equation (2)) should yield the same IWC as measured by Nevzorov probe (IWC NEV ). The parameters a and b can be derived using least squares method that provides the best match with the Nevzorov-measured IWCs by satisfying the following equation:
Heymsfield et al.
[2010] compared the CVI-measured IWCs with the IWCs calculated from PSDs and determined b = 2.1 because the IWC ratios are nearly independent of median mass diameter (D m ) and air temperature. They also used 2-D particle images with different habits sampled by Cloud Particle Imager (CPI) probe to calculate median fractal dimension values (the exponent b of mass-dimensional relationship) and found that b = 2.1 can be broadly applied to a variety of habits including aggregate, bullet rosette, needle, plate, and dendrite. Korolev et al. [2013] used the CVI-measured IWCs as the best estimation (because CVI can measure a full spectrum of PSDs) and compared the CVI-measured IWCs to the Nevzorov-measured IWCs. They concluded that the averaged ratio of CVI-measured IWC to Nevzorovmeasured IWC is 1.03 with a correlation of 0.94 at D max < 4000 μm, for D max > 4000 μm it is 1.84 with a Following the conclusions of Heymsfield et al. [2010] and Korolev et al. [2013] , we apply b = 2.1 and the BF95 relationship to a total of 1097 five-second samples for D max < 4000 μm. As demonstrated in Figure 4a , the ratios of the IWCs calculated from mass-dimensional relationship with b = 2.1 to the Nevzorov-measured IWCs were peaked around 1.0, while using BF95, they were skew at around 1.1. Using the Nevzorovmeasured IWCs at D max < 4000 μm as the best estimation, we can determine the coefficient a values for each 5 s sample during MC3E, and the averaged a value is 3.65 × 10 À3 . Finally, we apply the newly derived mass-dimensional relationship (a = 0.00365, b = 2.1) during MC3E to the full spectrum of PSDs and calculate the best-estimated IWCs. As expected, the averaged ratio of IWC probes to IWC NEV is 1.035 and a correlation (R 2 ) of 0.89 at D max < 4000 μm; however, their ratios increase and correlations decrease with increased D max values as shown in Figure 4b . To quantitatively determine the underestimation of the Nevzorov-measured IWCs with D > 4000 μm, we plot Figure 4c . As illustrated in Figure 4c , the Nevzorov-measured IWCs increase with increased D max from 0.155 g m À3 at D max = 4000 μm to 0.311 g m À3 at D max = 13,000 μm, but their underestimations also increase from 2.2% to 23.8% when comparing to the calculated IWCs from PSDs. To further investigate the mass contribution from particles greater than 4000 μm to the total mass, we apply the newly derived mass-dimensional relationship to the averaged full spectrum of PSD from the six selected cases. As listed in Table 4 , the integrated mass contribution from D = 4000 μm to D max to the total mass is 19.75%.
The calculated IWCs using the new mass-dimensional relationship for the full spectrum of PSDs are treated as the best-estimated IWCs during MC3E. Although we did not have the CVI-measured IWCs, when determining the mass-dimensional relationship, the exponent b = 2.1 and the size threshold D max < 4000 μm agreed well with the conclusions from both Heymsfield et al. [2010] and Korolev et al. [2013] , respectively, where they used the CVI-measured IWCs as the best estimation. Notice that the derived mass-dimensional relationship was established for D < 4000 um, it is highly possible that the calculated IWCs with D > 4000 um could have a relatively large uncertainty (A. Heymsfield, personal communication, 2014). 
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To demonstrate the best-estimated IWCs calculated using the new massdimensional relationship along with their comparisons with the Nevzorovmeasured IWCs, we present an example of the ice cloud microphysical properties on 20 May 2011 in Figure 5 . To further demonstrate detailed ground-based and in situ measurements, Figure 5a shows the NEXRAD radar reflectivity cross section along the aircraft flight track with the classified stratiform (SR) and Anvil (AC) regions [Feng et al., 2011 [Feng et al., , 2012 and the corresponding aircraft altitude and temperature. During the period 14:15-14:45 UTC, the aircraft flew near the cloud top at 7.3 km (Figure 5a ) with the occurrence of most D max < 4000 μm (Figures 5c and 6 ) where the best-estimated IWCs (red line in Figure 5b ) are almost the same as the Nevzorov-measured IWCs (blue line in Figure 5b ). Before 14:15 (and after 14:45) UTC, the aircraft ascended from 4 km to 7.3 km (descended from 7.3 km to 4 km) where the D max values are greater than 4000 μm as shown in Figures 5c and 6 , the best-estimated IWCs are much larger than the Nevzorov-measured IWCs, and their ratios can reach up to 2. This result is anticipated because we applied the coefficients a and b derived at D max < 4000 μm to the full spectrum of PSDs. The total number concentration (N t , 120-30,000 μm) derived from the full spectrum of PSDs mirrors the variation of ice crystal diameter (Figure 5d ). 
Fitting the Observed PSDs
A total of 5589 five-second PSDs have been fitted to the gamma-type-size distribution as follows (in cgs units):
In (3), N 0 is the intercept (cm À(4 + μ) ), μ is the dispersion (unitless), λ is the slope (cm
À1
), D is used as the binned particle size from OAPs (cm), and N(D) (cm À4 ) is the corresponding number concentration at each bin [Heymsfield et al., 2010] . As a result of the fact that measurements of ice crystals with size less than 500 μm 
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contain unknown amount of uncertainties as discussed in section 2.1, given a 10% uncertainty in number concentration for each size bin from 120 to 500 μm would result in a 43% uncertainty in μ and an 8% in λ (uncertainty in N 0 cannot be quantified due to its large variation range in the fitting scheme). The nonlinear Levenberg-Marquardt method was used in the fitting process to minimize the difference between the observed data set and the fitted data set generated from (3) [Press et al., 1992; McFarquhar et al., 2007b] . Figure 6 shows a series of typical fits to the averaged PSDs observed from different aircraft legs with a range of temperatures from 0°C to À22°C (note that the x axis is evenly spaced rather than following the actual tick values for displaying). At each individual time, the gamma-type-size distribution fitted result (red line) agrees well with the observed PSDs (blue bars). Note that the maximum diameters decrease from 27,500 μm to 4000 μm, whereas the total number concentrations increase about 100 times when the aircraft ascended from 4 km to 7.3 km as demonstrated in Figure 6 . These ice cloud microphysical features have been fitted to the gamma-type-size distributions represented by equation (3) for general application purposes.
Multimoment Assessments of Fitted PSD Parameters
Bulk properties and radiative properties of clouds are widely used in ground-based and satellite remote sensing communities, as well as in model simulations, which are directly or indirectly related to PSDs. These bulk properties correspond to different moments of PSDs. For example, the number concentration distribution and total number concentration are zeroth moment of PSDs, median mass diameter is the first moment, extinction coefficient is the second moment, IWC is the third moment, radar reflectivity is the sixth moment, etc. Many techniques have been developed to fit gamma-type-size distribution to the observed PSDs, like incomplete gamma fitting technique (IGF), discrete version of the IGF, etc. (more details are available in McFarquhar et al. [2014] ). However, the essence of those different fitting schemes is the same: to best matching the PSDs constructed from fitted parameters to the PSDs from in situ observations. By giving the best fitted PSD parameters, different fitting schemes have reached a good agreement in zeroth moment with the observed PSDs. However, the agreements between the observed PSDs and the fitted PSDs for quantities dominated by higher-order moments, such as ice water content and radar reflectivity, have not been thoroughly discussed.
In this study, multimoment (first, third, and sixth) assessments have been performed in order to check the consistency between the 5 s fitted gamma-type-size distributions and the 5 s observed PSDs. Figure 7 shows the comparisons of multimoment variables generated from the observed and fitted PSDs for the 20 May case. The results were first expressed in the form of median mass diameter D m (first moment), which can be generated using observed PSDs by locating the D that splits its corresponding IWC distribution in half. The D m can also be calculated from the fitted PSDs using
where b (value of 2.1) is the exponent in mass-dimensional relationship, μ is the dispersion, and λ is the slope [Mitchell, 1996] . As demonstrated in Figure 7a , the calculated D m values using the fitted PSDs in (4) are identical to those using the observed PSDs. For the evaluation of the third moment (Figure 7b ), the calculated IWCs using the fitted PSDs also agree well with those using the observed PSDs. Both calculations used the newly derived massdimensional relationship in section 3.1 (a = 3.65 × 10
À3
, b = 2.1). The excellent agreement and high correlation between two calculated IWCs indicate that the third moment evaluation is as good as the first moment evaluation.
For the assessment of the sixth moment equivalent NEXRAD radar reflectivity (Z e ), an assumption of radiative properties of particles needs to be made as
where σ is the backscatter cross-section area (in mm 2 ), D is the particle size (in mm), s and t are fitting coefficients. For this study, a series of σ-D relationships according to different ice crystal habits at the wavelength of the NEXRAD radar (10 cm) has been generated (G. Hong, personal communication, 2014; G. Liu, personal communication, 2014) . Because the CPI malfunctioned during most of MC3E experiment, only partial CPI images from the cases of 23 and 24 May 2011 were available for this study. Based on a number of the CPI-observed ice crystal images (0°C to À41°C), aggregates of bullet rosettes, planes, and columns were Journal of Geophysical Research: Atmospheres 10.1002/2014JD022795 observed to be the dominant ice crystal habits, which is consistent with the conclusion in Heymsfield et al. [2002] that aggregation was observed to be a primary growth process in the convective and stratiform regions of tropical ice clouds. Note that there are different definitions of habits in different studies. In this study, a bullet rosette is depicted as an aggregation with six hexagonal columns' pyramid tips attached at the center [Hong, 2007a] Using the equation for radar reflectivity factor for ice particles, Z i [Donovan et al., 2004; Sato and Okamoto, 2006; Hong, 2007b] is given by
where λ′ is the wavelength (10 cm), and K i (= 0.1768) is the dielectric factor of ice for NEXRAD. For the relationship between Z e and Z i [Smith, 1984; Atlas et al., 1995] , it is defined as
where K w (= 0.93) is the dielectric factor of liquid water for NEXRAD . The final form for equivalent NEXRAD radar reflectivity is given by
Because the integral to infinite could add a lot to the calculated Z e values, in the actual calculation, the lower and upper limits were set to the observed minimum and maximum diameters. As shown in Figure 7c , the Z e values calculated using (8) with the observed minimum and maximum diameters from both the observed and fitted PSDs are almost identical. During the period 13:30-14:00 UTC, most of the calculated Z e values are only a few dB lower, some within 1 dB, than the NEXRAD observations. However, the differences between the calculated Z e values and NEXRAD observations are~10 dB around 14:30 UTC at 7.3 km level. These differences are probably due to the following reasons.
(1) Different ice crystal shapes from 13:30 UTC to 14:30 UTC as aircraft climbed from 4 km to 8 km, and its PSDs also changed as shown in Figure 6 . Therefore, it is difficult to use only one ice crystal shape to fit the NEXRAD reflectivities. (2) Ice mass density also increased from 4 km to 7.3 km, and (3) the NEXRAD sampling volume became worse toward to higher levels (from 250 to 2000 m from ground to higher levels).
For 20 May 2011 case, the averaged NEXRAD reflectivity is 17.5 dB, the calculated equivalent NEXRAD radar reflectivity using Hong's (Liu) bullet rosette σ-D relationship, on average, is 14.36 dB (16.42 dB) with a rootmean-square error and correlation of 4.29 (3.10) and 0.94 (0.94). For more details for each case and summary for the six selected cases, see Table 5 . Although the bullet rosette σ-D relationship cannot apply universally, it outperforms other crystal shapes from both Hong and Liu's σ-D relationships when comparing with NEXRAD observations during MC3E. Therefore, we used Hong's bullet rosette σ-D relationship as an example to derive empirical relationships for application to the remote sensing community. Application of other σ-D relationships to the remote sensing, such as aggregate, snow, column, plate, etc., will be done in the future because a good parameterization scheme should take into account of different ice crystal habits under different altitudes and temperatures.
Multimoment (first, third, and sixth) assessments for other cases are also performed, and their results are shown in Figure 8 where the performance of multiple moments for other five cases is as good as the case of 20 May with high correlations (>0.9) and nearly the same standard deviations as observed ones. Table 5 lists the means and standard deviations of fitted parameters (intercept N 0 , dispersion μ, and slope λ) and the observed Z e and calculated Z e * for each case and all samples. The Z e values were observed from the NEXRAD, while the Z e * values were calculated using the observed PSDs and Hong's bullet rosette habit. In the following section, we will derive the empirical relationships between fitted parameters and Z e * values.
Empirical Relationships Between Fitted Parameters and Z e *
For application of the observed PSDs to the remote sensing community, such as retrieving cloud microphysical properties using NEXRAD Z e , we parameterize the originally fitted slope λ values (5589 fivesecond samples) as a function of calculated equivalent NEXRAD radar reflectivity Z e *. As shown in Figure 9 , the original λ values were binned into every 2.5 dB and the parameterized λ* exponentially decreases with increased Z e *. The results in Figures 6 and 7 have indicated that at the upper layers of DCSs, ice crystal PSDs are narrow, slope λ values are large with a broad range, Z e values are small, and temperatures are low. Toward to melting band (T~0°C), the PSDs are different from those at upper layers with broader distribution, smaller λ, larger Z e , and higher temperature, which can be attributed to aggregation and deposition processes [Gamache, 1990] . It is interesting to note that as the aircraft penetrates through the middle layers of DCSs (above 20 dB), the variation in λ is very small (within 10%), whereas at the upper layers (0 to 10 dB), there is a broad range of λ values (50% to 200%). The small variation in λ with Z e > 20 dB corresponds well with the steady decrease in N t as shown in Figures 5a and 5d , suggesting a Smith et al. [2009] where little to no change in λ with decreasing N t indicates a subsaturated environment and sublimation is an important process in this layer. Finally, the empirically fitted λ*-Z e * relationship is given by
The correlation between original λ values and parameterized λ* values is 0.79.
Found by Heymsfield et al. [2002] and also hypothesized by McFarquhar et al. [2007b] , the other fitted parameters N 0 and μ are not independent of λ. Therefore, Figures 10a and 10b are generated to demonstrate the N 0 -λ and μ-λ relationships from a total of 5589 five-second samples. As shown in Figures 10a and 10b , contrary to the earlier study [McFarquhar et al., 2007b] of N 0 -λ and μ-λ relationships for stratiform region of mesoscale convective systems and bow echoes using single equations, there are clearly two separate trends in both N 0 -λ and μ-λ scattering plots in this study. The similar results were also found in the N 0 -λ scattering plot from Heymsfield et al. [2002, Figure 15b] As shown in Figures 10c and 10d , the empirically fitted N 0 -λ and μ-λ relationships for Z e * > 12 are given in ( (10a) and (10b)) with correlations of 0.74 and 0.83, respectively. For Z e * ≤ 12 dB, the relationships are given in ( (11a) and (11b)) with correlations of 0.94 and 0.83, respectively. 
Substitution of (9) into ((10a) and (10b)) and ( (11a) and (11b)), N 0 * and μ* become only dependent on the calculated equivalent NEXRAD radar reflectivity Z e * values. Substitution of (9), (10b), or (11b) into (4), D m * can be estimated from Z e * values only. Insert (9), ((10a) and (10b)), and ( (11a) and (11b)) into (3), the fitted Journal of Geophysical Research: Atmospheres
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PSDs can be reconstructed; and finally, the IWC* can be directly calculated from (2). These empirical relationships, i.e., (9-11), are very important for ground-based remote sensing because the D m and IWC of ice cloud layer in a DCS can be directly retrieved from NEXRAD radar reflectivity. Previous studies [e.g., Sassen et al., 2002; Heymsfield et al., 2005] show the relationship between Z e and IWC using power law in the form of
where c is the coefficient and d is the exponent. Heymsfield et al. [2005] used the equivalent 9.7 GHz radar reflectivity to generate the IWC-Z e relationship for convectively generated stratiform ice clouds: IWC = 0. ). The differences in Z e threshold, coefficient, and exponent between this study and Heymsfield et al. [2005] could be attributed to a few factors, such as different field experiments, radar wavelengths, etc.
Summary and Conclusions
In this study, six DCS cases using the University of North Dakota Citation II research aircraft in situ measurements during MC3E were selected to investigate the ice cloud microphysical properties of DCSs. The data used in this study were mainly sampled within the stratiform regions of DCSs which were nearly adjacent to convective cores, with a detailed study describing the distribution and variation of PSDs, IWC, D m , and fitted parameters using gamma-type-size distribution (intercept N 0 , dispersion μ, and slope λ), as well as comparison with the NEXRAD radar reflectivity. The main conclusions are as follows:
1. Multisensor detection has been adopted to eliminate the supercooled liquid water (SLW) in the icedominated cloud layers of DCSs. The RID is very sensitive to SLW droplets and is extremely useful in segregating the different cloud phases. In addition to the RID measurements, the LWCs measured by the King Probe and calculated from the CDP were also used as another indicator for small SLW droplets, and 2DC and CIP images were visually examined to verify the existence of large SLW droplets. Therefore, the occurrence of SLW can be detected by multiple sensors with sudden drops in frequency (RID) and/or corresponding LWC and N t peaks (King and CDP). 2. Followed the conclusions of Heymsfield et al. [2010] and Korolev et al. [2013] , the Nevzorov-measured IWCs at D max < 4000 μm are used as the best estimation to determine the coefficient a values for each 5 s sample during MC3E. The mean a value is 3.65 × 10 À3 averaged from a total of 1097 five-second , respectively. 4. For application of the observed PSDs to the remote sensing community, the gamma-type-size distributions are then generated matching the observed PSDs (120-30,000 μm), and the fitted gamma parameters are compared with the observed PSDs through multimoment assessments including first moment (D m ), third moment (IWC), and sixth moment (equivalent radar reflectivity, Z e ). For the six selected cases, the excellent agreements in D m , IWC, and Z e (correlation above 0.9 and normalized standard deviation around 1.0) between those calculated from the observed PSDs and the fitted gamma parameters were found, indicating the robustness of fitting scheme used in this study. Although the bullet rosette σ-D relationship cannot apply universally, it outperforms other crystal shapes from both Hong and Liu's σ-D relationships when comparing with NEXRAD observations during MC3E. Finally, a series of empirical relationships including λ-Z e , N 0 -λ, and μ-λ have been derived for application of the observed PSDs to the remote sensing community.
These results can serve as a baseline for studying the ice cloud microphysical properties of DCSs over the continental U.S. These aircraft in situ measurements can also serve as the best estimation for validating ground-based and satellite retrievals, as well as model simulations. The empirical relationships developed in this study (equations (9)-(11)) were applied in our recent study to retrieve ice cloud D m and IWC using the NEXRAD radar reflectivity measurements during MC3E. The conclusions reached here are based only on six selected DCS cases, more aircraft in situ measurements are required to generate a firm conclusion. Future analyses of this series will report on the liquid and mixed-phase cloud microphysical properties of DCSs during MC3E.
Appendix A: Calibration and Treatment of Baseline Drift for Nevzorov TWC Probe
The power loss in flight on the collector sensor due to convective heat loss is related to the aircraft speed, air temperature, and air pressure [Korolev et al., 1998a] . The sensor then compensates for this heat loss by providing more power to the collector sensor to maintain a constant sensor temperature. The collector sensor power is related to the reference sensor power by:
where P coll is the collector sensor power, P ref is the reference sensor power, and k is a coefficient. During a flight that undergoes changes in air speed and/or air density, the k coefficient will change, which is called the baseline drift. During periods of clear air, k can be calculated directly, but when the aircraft is in cloud or precipitation, k must be estimated.
The k is calculated using a multivariable linear regression equation in the following equation:
where k is the sensor power calibration variable, TWC pconst is the total water content sensor pressure coefficient, Pressure is the air pressure, TWC iconst is the total water content sensor indicated air speed coefficient, IAS is the aircraft indicated air speed, and TWC cconst is the regression equation constant term.
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For the selected cases during MC3E, the calibration coefficients were calculated from the 22 April 2011 flight from 81260 to 83460 sfm UTC (clear air takeoff and ascent to 9.5 km MSL), and the values are as follows: TWC pconst = À2.097104e-4, TWC iconst = À0.00207234, and TWC cconst = 1.074499 [Neumann, 2012] .
The power loss due to precipitation is calculated by 
